A setup for an NIR-LCSI instrument is introduced. It is based on a Superluminescence diode (SLD) (wavelength = 1280nm, FWHM = 50nm) and an InGaAs camera with VGA resolution. The paper presents a work in progress. The aim of the research work is to measure the chipping process in a Si wafer saw with high spatial resolution. Hereby the sawing channel inside the silicon block is investigated. The chipping generates a change of the interface topography of the sawing channel. NIR-LCSI will be applied to measure this topography change and contributes thus to determine the size and volume of the silicon chips and thus the cutting rate of the sawing process. This paper presents a novel concept to increase the spatial resolution of the imaging system. With the use of a new type of "immersion" optics the numerical aperture can be significantly increased and a spatial resolution close to, or even below, the nominal illumination wavelength can be obtained. The speckle size and the resulting spatial and depth resolution of the LCSI measurements are investigated.
INTRODUCTION
Low Coherence Speckle Interferometry (LCSI) [1] is a relatively new technique within speckle metrology. It combines two techniques; Optical Coherence Tomography (OCT) and traditional Electronic Speckle Pattern Interferometry (ESPI). OCT provides the ability to measure depth resolved structures inside a material. ESPI measures the deformation pattern of an object with high accuracy. Consequently, LCSI provides a versatile tool for the depth resolved measurement of deformations inside an object.
Moving LCSI toward the Near InfraRed (NIR) opens the opportunity to investigate the internal structure of materials not transparent in the visible wavelength range. The extensive use of Silicon (Si) in micro-and nano fabrication and in particular in the solar cell industry puts a research focus on this material. Low doped Si is almost transparent in the NIR region for wavelength larger then 1250nm.
The major part of the solar cell production is today based on silicon wafers. The wafers are produced in a multi wire saw, where the silicon blocks are cut into about 180μm thick wafers. The sawing process is based on a sawing fluid (slurry) consisting of Polyethylene Glycol (PEG) as a carrier and Silicon Carbide (SiC) as cutting particles. Figure 1 shows the principle configuration of a multi wire saw and its main components.
Si wafer sawing is a tribological process where wear (due to the abrasive SiC particles), lubrication (by polyethylene glycol -PEG) and friction (caused by contact between the wire, the abrasive SiC particles and the Si ingot) play important roles (figure 2). However the sawing is not yet fully understood. A widely accepted theory is that the SIC particles introduce micro cracks in the Si material. These cracks propagate and small silicon chips are removed. To reduce the wafer thickness further and to optimise the wafer quality a better understanding of this abrasive process is required. Different attempts have been made to model the actual material removal in the silicon cutting process. However, in-situ measurements of the contact during cutting in order to reveal acting processes are still a challenge. In-situ measurements would represent a good basis for simulating the cutting process, since the plastic deformation of the materials in contact, chipping and micro-chipping, the distribution of PEG and SiC particles and the wear processes could be studied in real time.
The presented work aims to develop a novel setup for in-situ, high accuracy investigation of the contact area in a simulated cutting process at lab scale. In particular the investigation of the chipping process is of interest.
LOW COHERENCE SPECKLE INTERFEROMETRY IN THE NEAR INFRA RED (NIR)
Optical profilers, based on microscopic low coherence interferomtery, are widely used for the high accuracy inspection of the topography of surfaces. With diffraction limited resolution in the lateral dimensions and nanometer to subnanometer resolution in the longitudinal direction this techniques are well suited for many industrial applications. LCI is also referred to as white-light interferometry Optical Coherence Tomography (OCT) systems [3] , in particular used for medical applications, have been developed. These systems enable the measurement of the inner structure of an object. The first OCT systems for material inspection are recently approaching the marked [4] . The depth resolution of these systems is in the range of 1-50μm and defined by the FWHM of the interference envelope in a Michelson interferometer. The basic configuration of a low coherent Michelson interferometer can be seen in figure 3 . The technique utilises the temporal coherence of a broad band light source for high accuracy mapping of the inner structure in a material.
On the other hand Electronic Speckle Pattern Interferometry (ESPI) [5] is a well-established technique for high accuracy deformation measurements of objects with rough surfaces.
Combining the functionality of these interferometric techniques enables the high resolution, depth resolved measurement of changes at interfaces inside a material. This has been introduced as Low Coherence Speckle Interferomtery (LCSI) [6] . The measurements start with a scan of the reference mirror. Thus the inner structure of the object is mapped. Then the interface to be investigated is identified and aligned at the position of maximum contrast of the coherence layer. Finally, the investigation of changes at this interface can be carried out using the deformation measurement algorithms of ESPI based on interferometric phase measurements.
In the here presented paper LCSI is applied in the NIR for the inspection of silicon material. The main challenges are the long wavelength, limiting the spatial resolution of the imaging system, and the high refractive index of the silicon. Furthermore, standard CCD cameras are not sensitive in this wavelength region. The paper presents work in progress. It addresses the challenges of the described application and gives a first proof of principle for NIR LCSI. 
OPTICAL CONFIGURATION
NIR-LCSI can contribute to investigate the sawing process in-situ. However applying LCSI for Si creates some challenges. One main challenge addressed in this paper is to achieve high enough spatial resolution to study the abrasive process.
Imaging system

Spatial resolution
The features to be detected (silicon chips) are in the range of 5-10μm in lateral dimensions. This requires high lateral resolution. The resolution of the imaging system in LSCI can be limited by the spatial resolution of the optical system and the speckle size.
Optical resolution
For high resolution imaging it is necessary to use short wavelength illumination and optics with high numerical aperture (NA). An often used expression for the spatial resolution x is [7] :
where c is the centre wavelength and NA denotes the numerical aperture of the imaging system.
The absorption properties of silicon require the use of light with a relative long wavelength in the NIR range (wavelength > 1250nm). Therefore the wavelength of the low coherent light source is selected close to this limit ( c =1280nm in air). However this is still about a factor 2-3 larger than in conventional microscopy.
To increase the spatial resolution the numerical aperture of the imaging system can be increased. However, in particular the high refractive index of n Si =3.51 (for =1280nm) limits the achievable effective NA and thus the spatial resolution of the imaging system. This can be seen in figure 4. Light reflected with an angle larger than 16.55 from normal incident is total reflected and does not contribute to imaging. An imaging system using a microscope objective with an NA of 0.4 will only detect light within an angle of 6.54 . The effective NA inside the silicon is thus limited to NA Si =0.11. On the other hand the wavelength of the light inside the silicon is given by Thus the spatial resolution inside the silicon is given by Both resolutions are thus about the same: x Si x air = 2,1μm.
Figure 4
Optimising the numerical aperture of the imaging system, left: saw channel with standard imaging configuration, right: sawing process in a silicon lens to increase the NA of the imaging system.
In order to increase the spatial resolution in the given application only an increasing of the NA can contribute. Therefore the configuration shown in the right sketch in figure 4 is suggested. Usually an index matching liquid eliminating the air interface between the object and the first lens of the optical system is used to improve the lateral resolution. However for the high refractive index of Si no suitable index matching liquid is available. To overcome this, the silicon surface can be adapted to the path of the optical rays in the system. This can be achieved by introducing a custom made spherical Si-lens as the sample under test and investigating the sawing process close to the centre of curvature of the lens. Thus the optical rays are only slightly refracted at the Si surface and we can increase the effective NA of the system close to the NA of the microscope objective. In the suggested design we use a single convex Si-lens with radius of curvature of 8mm and 8mm centre thickness.
Figure 5
Zemax model of a similar system using ideal lenses for the 20x Mitutoyo objective since the optical design of the objective is not known.
A similar optical system is modelled in Zemax (figure 5). The obtained magnification of such a system is 70x. Using the suggested optical design a diffraction limited spatial resolution of x 0,6μm can be obtained. In a real system the spatial resolution is limited by aberrations and the expected resolution is about x 1μm.
Speckle size
The speckle size limits the spatial resolution of ESPI systems. For microscopic ESPI this issue has been discussed by Løkberg et al. [9] and El-Jarad [10] . The medium speckle size at the detector d s can be calculated from [10] where M is the magnification of the system. The resolution of the speckle pattern at the object d o can be calculated from the d s [10] . However we need to consider that the object is inside the silicon material. Therefore the modified equation can be given by:
Using the parameters of our imaging system the typical speckle size of d o =0.55μm. Due to the large variation of the speckle size by the speckle pattern and the introduced disturbances due to low speckle modulation, d o is not corresponding to the lateral resolution of the system. Løkberg et al. assumes an area of about 5x5 speckles is necessary to detect a deformation.
In the given LCSI system the calculation of the object speckle size is not straight forward. The speckle size at the detector can be calculated from (4). However if we want to calculate the resolution in the object space the high refractive index of Si needs to be considered. This issue is currently investigated and will be an object of further research.
(4) (5)
Depth resolution
The depth resolution of a full-field OCT system is determined by the depth of focus of the imaging system and by the coherence length of the light source [7] .
Temporal coherence of the source
For imaging systems with a low NA the temporal coherence of the light source determines the depth resolution. The equation commonly used for the depth resolution in an interferometer is given by [7] where is the FWHM of the light source. Solving this equation with the given parameters results in a depth resolution of about z c,air =14.5 μm. Since both and are scaled by the wavelength the corresponding coherence length in Si is
This results in z c,Si =4.1μm which is often defined as the depth resolution in silicon for lower NA.
Depth of focus
For imaging systems using a high NA, the depth of focus becomes the limiting factor for the depth resolution [8] For the parameters in the presented application this results in a z opt,air =2.55 μm for NA=0.4 and z opt,air =33.7μm for NA=0.11. Again for measurements in silicon the wavelength scales with the refractive index giving
This results in a z opt,Si =0.7μm for NA=0.4 and z opt,Si =9.6μm for NA=0.11. Thus for NA=0.11 and the temporal coherence of the source defines the depth resolution while for NA=0.4 the depth of focus is deciding. In praxis the interference signal can be detected over a larger range as defined in (7) and we can accept defocusing exceeding the Rayleigh criteria given in (8) . Thus these parameters should be optimised and verified in the further experimental work.
In OCT the depth resolution should be as high as possible. Thus the numerical aperture in such systems is designed to be large and the coherence length of the light source small. However, in LSCI, applied for the given application, the coherence length should be sufficient long to cover the whole surface depth, but short enough to extract the interferometric information coming from the interface under investigation. Thus the depth of focus should be large enough to image all features of the interface sufficiently. It is given that this is a trade of between the spatial resolution and the depth of field.
Interferometer system
The interferometer system can be build up in different configurations. Our long term aim is to develop a Mirau configuration since this configuration seems to be most reliable and stable regarding environmental disturbances. However, because of the necessity of dispersion compensation in the low coherence interferometer the design is more sophisticated. Thus, at this stage we introduce a combination of a Michelson and Linnik type of interferometer shown in figure 6 .
Figure 6
Interferometer configuration for investigating the saw channel (6) (7) (8) (9) The light from a fibre coupled SLD (Superlum 1300) with a centre wavelength of 1280nm and a FWHM of the near Gaussian wavelength distribution of 50nm is collimated. The optical power of the SLD is up to 20mW. A cube beam splitter divides the incoming beam into a reference and an object beam. The object beam is directed towards the silicon lens and reflected at the saw channel introduced by a steel wire and some slurry.
The reference beam is directed towards an identical lens without saw channel. Using this configuration the reflectivity of the object and reference beam is similar. Furthermore the amount of silicon in both arms is the same when the sawing process is started. This is strongly necessary since the high refractive index leads to an extinction of the interferometer signal due to dispersion. The silicon lens in the reference arm is mounted on a piezo actuator. The actuator again is mounted on a translation stage. The translation stage is used for structural imaging of the object and adjusting the coherence layer at the back surface of the object lens. The piezo enables phase shifting. The reflected beams interfere in the beam splitter and the interference fringes are imaged onto the camera by a microscope objective.
The imaging system consists of a Mitutoyo 20x NIR optimised microscope objective with an NA of 0.4. The working distance of the objective is 2cm and the focal length 1cm. The NIR camera is a Xenics Xeva-1.7-640. The camera has sensitivity in the wavelength range from 0.9μm to 1.7μm and comes in VGA resolution 640x512 pixels. The pixel pitch is 20 μm. The maximum frame rate is 90fps at full resolution. For lower resolutions the frame rate can be increased up to 200fps.
Measurement speed
A critical factor for the in-situ inspection of the sawing process is the measurement speed. The typical wire velocity is about 12m/s. This requires high speed imaging to follow the process on the surface of the sample. The field of view (FoV) of the measurement is about 200x150μm. A fixed point of the wire needs thus about 16μs to move over the FoV. An extreme high frame rate would be necessary to inspect the area within this timeframe. However the chipping rate is uncertain. Further investigations are necessary to investigate the optimum frame rate.
In laboratory conditions we can slow down the process to inspect the microscopic processes. Experiments will show which frame rate is necessary to investigate the real processes. The InGaAs camera is today available with up to 2000fps.
EXPERIMENTAL SETUP FOR PROOF OF PRINCIPLE
This chapter presents a first proof of principle for NIR LCSI. Since a work in progress is presented the targeted configuration presented in chapter 3 could not yet be tested. However, we have been able to test all components on the surface of two different silicon samples. The adjustment of the coherence layer at the surface and speckle based deformation measurements are demonstrated.
Samples
The applied silicon samples are results from the sawing experiment in a single wire saw. One of the samples is polished on the surface the other one has an as cut surface. The size of the samples is about 5cm x 5cm. Both samples are cut about half way and then the sawing is stopped. This gives the possibility to simulate the cutting process in the lab by introducing the wire and slurry in the sawing channel and simulating the sawing movement. Pictures of both samples can be seen in figure 7 . The sawing channels are clearly visible. Sample 1 is polished on the surface to be able to access the sawing area. The surface of the sawing area is rough. In the given experiment a single wire configuration is used. 
Experimental Setup
The optical setup is based on a Michelson interferometer and very close to the final setup presented in chapter 3 ( figure  8 ). The main difference is the microscope objective which here is an OPTEM NIR Zoom 7x objective with a 2x auxiliary lens. The magnification can be adjusted from 1.5x to 10.5x. The working distance is 80mm which gives more space for the interferometer and makes it possible to vary the field of view. The NA is rather small and varies from 0.08 to 0.16 with the magnification. Furthermore the suggested lens configuration of the object in order to increase the NA is not yet implemented. We measure thus on plane silicon samples that results in even lower NA for measurements inside the object. For surface measurement dispersion compensation is not required. However it was necessary to adapt the intensity in object and reference arm with density filters. To avoid dispersion effect density filters with the same thickness are included in both interferometer arms but with different attenuation. Polarisation filters reduce the incoherent background light. This is advantageous in particular for the rough surface measurements. A manual translation stage is included in the reference arm to control the position of the coherence layer.
EXPERIMENTAL RESULTS
Polished surface
The first results from the measurements on the polished sample surface can be seen in figure 9 . The left image shows the camera view of the object using back light illumination. The field of view is about 2mm x 2mm. In the centre object the coherence layer is adjusted at the sample surface and the sample surface is adjusted almost perpendicular to the observation direction. A number of fringes occur. The mod-2 phase map of the fringes is detected using a standard temporal phase shifting algorithm Figure 9 Results the polished sample surface, left: image of the silicon sample with backlight illumination, centre: interference fringes from the polished front surface, right: mod-2 phase map of the interference fringes.
Rough surface
The measurements on the as-cut surface of the silicon demonstrate the ability of the setup to measure deformations on rough surface. This is important as the sawing channel inside the object has the same surface characteristic as the here applied surface.
Figure 10
Deformation measurement on the surface of the rough sample, left and centre: mod-2 phase maps, before and after deformation, right: deformation phase map for a slightly tilted object. Figure 10 shows the well known speckle phase maps and deformation phase maps from ESPI. The only difference is that in LSCI the coherence layer needed to be adjusted at the surface of the sample and the sample was adjusted at the maximum position of the coherence envelope. The two mod-2 phase maps, before and after deformation, are seen in the left and centre image in figure 10 . Between the two recordings the object was slightly tilted in vertical direction. The right image in figure 10 shows the difference of the two phase maps corresponding to the deformation of the object (coded in grey levels).
CONCLUSIONS AND FUTURE WORK
We present a work in progress. The here presented work demonstrates LCSI in the NIR region for wavelengths larger than 1250nm. Besides the application of a NIR light source it has to be considered that standard silicon based CCD cameras are not sensitive for light in this wavelength range. Therefore a camera based on InGaAs as detector material is applied. The main challenges when applying LCSI at such large wavelengths are to obtain high spatial resolution and maintain at the same time sufficient depth of focus and thickness of the coherence layer to cover the whole surface profile.
A novel method is suggested to increase the spatial resolution of the imaging system used in an NIR LCSI system. The surface of the sample is adapted and included in the optical system to avoid the reduction of the NA of the imaging system caused by the refractive index of silicon. A good trade off between spatial resolution and depth of focus as well as a proper selection of the coherence length of the light source is necessary.
Phase measurements on rough and polished surfaces using NIR LCSI are presented. Also, the application of the standard ESPI algorithms for deformation measurements is demonstrated.
The parameters of the designed imaging system are close to the limit of the requirements of the measurement task. However, there is potential to use the introduced setup for measurements of the chipping process during wire sawing of silicon wafers. Furthermore this technique can also be applied for the detection of impurities and defects in the silicon raw material.
The main challenges applying LCSI for measurements inside the silicon material are the compensation of dispersion and the reduction of the incoherent background in the system. A useful approach for this is a spatial filter. Furthermore the adaptation of the beam ratio between the coherent object light and the reference light is demanding. The influence of the speckle size on the spatial resolution needs to be further investigated and experimentally verified. Furthermore also the influence of the dispersion in silicon needs further theoretical and experimental investigation.
